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Abstract 
The reuse of past knowledge constitutes a key factor for improving manufacturing performance, during design, planning, and operational 
phases. However, valuable knowledge generated and associated to products and processes on a daily basis, remains implicit and its reusability 
is confined to a specific machine operator or within legacy IT databases. The work proposed in this paper introduces a framework to enable 
reusability of manufacturing knowledge through inference rules applied on manufacturing ontologies. Initially, a mechanism is used to access a 
Relational Database Management System (RDBMS) and through a rule-based approach, it exports the analogous ontological schema. The 
ontology constitutes the knowledge base and is stored in a knowledge repository. An inference engine is then used to query this repository and 
derive additional assertions, which are entailed from the base schema, on product, process, and resource. The method is developed in a web 
app, which offers to the users the capability to create, activate, and share rules and results on engineering topics. The effectiveness of the 
framework is validated using a real industrial case from a high-precision mould-making SME. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In modern manufacturing, the reuse of expert human 
knowledge constitutes a key factor for improving 
manufacturing performance, during the design, planning, and 
operational phases [1, 2]. Indeed, human operators still play 
the most important role in most product and production 
lifecycle stages. Yet, their expertise and knowledge lies in 
tacit form with them and is not sharable. Valuable knowledge 
generated and associated to products and processes on a daily 
basis, remains implicit and its reusability is confined to a 
specific machine operator and domain [3]. 
In this research work, a framework for capturing, storing, 
and retrieving knowledge from already existing engineering 
projects is proposed. The developed framework is capable to 
parameterize and create new knowledge through user-defined 
customizable semantic rules and queries. The framework 
consists of a mechanism for the conversion of a relational 
database into an ontological schema, a knowledge repository, 
and an inference engine. It offers to the users the capability to 
create and apply rules and queries on the repository and 
retrieve relevant knowledge. Rules created are stored and 
remain available for anyone to access, edit, and use. For 
instance, during the design phase of a new injection mould, an 
engineer will be able to infer knowledge from past cases that 
meet the new mould’s requirements and reuse it after 
parameterization based on the custom new needs. 
Consequently, the design phase is facilitated and can be 
completed faster and more accurately. 
2. State of the Art 
2.1. Product Design 
Knowledge repositories and reasoning mechanisms are 
employed to assist knowledge reuse about product design and 
development at various stages of the product lifecycle [4, 5, 
6]. In [7], a methodology for knowledge management to 
support concurrent engineering is developed. A knowledge 
classification scheme is created, and a framework is 
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developed that utilizes agents to model interaction among key 
persons and knowledge repositories. A set of methods for 
knowledge-based design of machine tools is described in [8]. 
Knowledge is related to product data, which consists of the 
data generated in various applications as well as metadata that 
contain control information about the product. In [9], a 
methodology is developed that addresses engineering changes 
during the product design phase using a knowledge-based 
method to resolve design conflicts. The method studies 
changes in the physical, structural, and functional domains as 
well as the interdependence between them. A matrix-based 
method is proposed to synthesize the relationships between 
the three domains and provides an effective way to capture 
design changes. In [10], a knowledge-based methodology is 
developed as a link between existing product design 
capabilities ('what we have') and requirements ('what they 
want'). Furthermore, in [11], a comparison of a case study of 
practices for reusing manufacturing knowledge is performed 
and the improvement of existing knowledge reuse practices is 
presented based on three different business areas. An 
integrated knowledge management and reuse framework for 
Product-Service Systems business in construction machinery 
industry is presented and its contribution to Product-Service 
Systems design is highlighted in [12]. In [13], a novel 
approach for capturing the service damage knowledge about 
each component is presented. Another industrial case study is 
presented in [14], creating new knowledge on the 
relationships between degradation and component design to 
manufacture. Based on service experience and event data, the 
identification of service risk drivers is achieved. In [15], a 
framework to integrate requirements management and design 
knowledge reuse is presented and demonstrated on a case 
from vacuum pump design, and enables the application of 
requirements management as a dynamic process. It takes into 
account the changes in requirements that may occur between 
the stages of product development. Another study presented 
an effective reuse and retrieval system that eases the 
registration of parts [16]. The system also generates optimized 
parts and consists of three modules. The first offers reuse and 
modification capabilities to the designers, the second offers 
the automatic generation of parts and the last module enables 
the retrieval and classification of standard parts. 
2.2. Factory planning and operation 
Knowledge repositories and reasoning mechanisms have 
been also employed to assist factory planning and operation 
stages as well. In [17], a knowledge system for lean supply 
chain management (KSLSCM) is developed using artificial 
intelligence system shells. The combination of the AI shells 
provides a development platform with a logic programming 
function and visual presentation. In [18], a model is proposed 
to discover knowledge embedded in the relationship between 
product features and the corresponding manufacturing 
capabilities. The model aims at capturing designers’ 
knowledge in order to encapsulate the relationship between 
product features, managing and preserving acquired systems 
design knowledge and automatically generating the required 
systems to produce new products. In [19], a knowledge 
management framework is described for supporting a factory 
throughout its lifecycle, from design to decommissioning. The 
purpose is to model existing data with the use of Semantic 
Web technology in order to extract useful knowledge. The 
knowledge framework was based on three parts, the ontology, 
the knowledge repository, and the knowledge association 
engine. An advantage of this platform is the versioning 
system for the data, which provides a set of methods for 
versioning management and structured data retrieval. In [20], 
a system for distributed knowledge sharing and reuse in the 
PFMEA domain is developed using an ontology based on 
description logics allowing knowledge inference and retrieval 
in manufacturing environments. 
2.3. Benefits of the proposed framework 
The proposed knowledge management framework can 
promote the reuse of the product and production related data 
regardless of domain. It can support the easy discovery of 
complex data structures and it is web-based, which means that 
every user can have access to its services. Moreover, unlike 
previous work on the field, it provides a generator with the 
capability of automatic transformation of any relational data 
model to an ontology schema, enabling that way the 
operability of this specific framework with any current of 
future case study instantiation. This effectively diminishes 
any required ontology modelling expertise and can work with 
any legacy database system. Finally, the ability for an 
engineer to form queries and knowledge-generating rules 
without any programming skills is considered as a necessary 
function towards enabling and simplifying accessibility to 
knowledge. Thus, a user friendly editor is developed to 
facilitate the composition of complex queries and rules that 
can be executed by the engineer.  
3. Methodology and Framework Description 
The proposed framework includes a set of standalone 
components, each being responsible for a set of functions. The 
modular architecture allows a decoupling of the components 
and individual operability. The components are: the ontology 
generator, the ontological schema, and the vocabulary that are 
used during knowledge capturing, the rule and query builders 
that are used by the reasoning engine, and the graphical user 
interfaces that expose the services to the end-users (Fig. 1). 
Multiple instances of industrial cases can be accommodated 
by the framework and be accessed by unique user credentials. 
Moreover, third-party software apps can connect to the 
framework through the exposed REST interfaces [5, 6]. 
3.1. Relational Schema to Ontology Generator 
In 2014, 79 percent of data were stored in relational 
databases on the web [21] (down from 89.2 percent in 2004). 
Thus, the ability to automatically translate every relational 
schema into an ontology brings many benefits for non-
experts. The RDBMs-2-Ontology (R2O) generator is designed 
to access a relational database and export the equivalent 
ontological model and its stored instances.  
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Fig. 1. The proposed Knowledge Management Framework. 
This development alleviates the need for expert knowledge on 
ontology modelling and reduces the overhead effort for the IT 
department to develop and test an accurate ontology based on 
their legacy data structure. As referred to in [22], there are 
certain specific and well-defined rules to generate an ontology 
out of a database. These rules, adapted for our purposes, are 
presented shortly hereafter: 
 
R1. Every table from the database is transformed into an 
ontology class. 
R2. Every attribute that is a primary key (PK) of the table, is 
transformed into a functional property. 
R3. Every attribute that is neither a Primary Key (PK) nor a 
Foreign Key (FK) of each table in the database system is 
transformed in a data-type property with the same name 
as the attribute. 
R4. Every attribute that is a foreign key (FK) of the table, is 
translated to two object properties, inverse with each 
other, between the tables that share the attribute. 
R5. If an attribute that is not a PK is set Not Null, the 
property’s cardinality created from the above rules 
(either 2 or 3) is set to 1. 
R6. If an attribute that is not a PK is set as Unique, the 
property’s max cardinality created from the above rules 
(either 2 or 3) is set to 1. 
R7. If an attribute is a FK and is set Not Null, the property’s 
min cardinality created from the above rule (4) is set to 
1. 
R8. If an attribute is a FK and is set as Nullable, the 
property’s max cardinality created from the above rule 
(4) is set to 1. 
R9. All data and their values are transformed as individuals 
that receive the same values. 
 
The mapping of the analogous elements between a 
relational and an ontological schema is achieved using these 
nine rules (R1-R9) as Fig. 2 schematically shows. 
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Fig. 2. Mapping between Relation Ontological Schemas using rules R1-R9. 
3.2. Ontological Schema 
The derived ontology, in the manufacturing domain, 
defines information about product, process, and resource 
entities. It accommodates all structural relationships and 
physical properties needed to explicitly describe essential 
entities in the examined domain and comprises the knowledge 
repository.  
3.3. Inference Engine 
The Inference Engine (INE) enhances the developed 
framework with the semantic technology. The INE includes a 
reasoner that allows the manipulation of the knowledge that is 
stored inside the ontology and the knowledge repository. The 
reasoner supports SWRL rules, which stands for Semantic 
Web Rule Language. SWRL combines OWL and RuleML 
technologies. The reasoner provides also the ability to directly 
load a file that contains SWRL rules and rules will be parsed 
and processed. Finally, SWRL rules can be mixed with OWL 
axioms in an ontology. INE is developed as a web app with 
server / client sides. The client is accessible from the 
Graphical User Interface (GUI) of the application (Fig. 4 and 
Fig. 6). The server side is the part where all the services of the 
application are implemented. The user is able to select one of 
the available repositories that have been created from 
ontology generator component. Depending on the account 
privileges and access rights, the user will be able to access the 
repositories available. An administrator has access to all 
available repositories. 
3.4. Query and Rule Builder 
The query and rule builder is a user-friendly interface, 
where a user can create complex queries without requiring 
expertise on database management. Prefixes of the query are 
already pre-filled to avoid manual writing of standard strings. 
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Fig. 3. Sequence diagram for the rule creation / activation on a repository. 
The syntax of rules and queries is demonstrated through 
examples in section 5 below. The sequence diagram for 
creating a rule on a selected repository is shown in Fig. 3. 
Query triples are created in a similar way (Fig. 4).  
4. Software Tool Development 
Among the several available tools for each component, 
certain criteria were used for selecting the tools in this work: 
 
1 Cost of each software tool: Open-source software was 
preferred so that the framework is accessible by SMEs that 
cannot afford commercial licensed solutions and high 
investment costs in IT. 
2 Platform-independency: The tools were selected based also 
on their capacity to run on several operating systems. 
3 Popularity and online community of each tool: The most 
widely used tools, which also provide online support and 
active communities were preferred. 
 
Based on these criteria, the selected software tools were: 
MySQL as a high-performing, free to use, secure, and user-
friendly data server that supports many interfaces [23]. The 
OWL-API was selected to assist in generating the entities for 
the ontology schema created by R2O, which supports the 
cardinality restrictions feature of OWL2. Data storing is made 
using Semantic Web technology. Ontologies are developed 
using the Web Ontology Language (OWL). The OWL 
language offers benefits against other ontology languages. 
Also every .owl file is supported from OWL 2, the newest and 
richest version for ontologies. Jena Framework was selected 
to enable the manipulation of the instantiations of the 
repositories created by applying rules and queries to them. 
Rules are compiled using Jena Rule Language. The Java 
framework is used for the implementation of the web 
application along with Java Script open source libraries. As 
so, every browser can support the framework. The application 
is hosted on an Apache Tomcat web-server, which is free, 
secure, and offers many features. 
 
Fig. 4. Screenshot of the Graphical User Interface for the Creation of tuples. 
5. Case Study from the Mould Making Industry 
As shown in Fig. 1, the framework can indistinctly 
accommodate industrial case instances. Here, a case study is 
presented from a high-precision mould making SME. The 
discussed functionalities of the framework shown concern its 
ability to enhance app with semantic technology and its ability 
to create new knowledge to support the entire lifecycle of 
manufacturing engineering projects. 
The mould-making sector is a crucial enabler for the 
realisation of mass production and customization, and moulds 
are the tools with the highest productivity at the disposal of a 
producer. The SME of the case study produced engineer-to-
order moulds. These moulds are one-of-a-kind extremely 
complex products that are designed and manufactured in order 
to produce one or more plastic components with a single 
stroke of the press and eject it without any imperfections. Yet, 
as reported by the SME, new mould-making cases share a 
number of commonalities with previous projects on a 
component, processes, and specification levels. Thus, the 
reuse of existing knowledge on mould making projects is a 
target for the SME. 
The first step of the case study is to convert the legacy data 
schema of the SME into an ontology, using the R2O 
generator, to allow the execution of semantic rules on the 
data. A snapshot of the generated ontology classes and their 
interconnections is shown in Fig. 5. The entity Component 
includes the name, part / component type (top plate, core 
cups, etc.) and dimensional data information. The 
Components belong to a Mould, which is the core entity of 
the model. The Mould entity includes order related data (e.g. 
data of order creation), name and description of the mould, 
the customer id, the number of cavities, the cooling structure 
and any specific surface quality attributes.  
Moreover, information related to the wall thickness of the 
injected product, earpins, tamper evident, polishing, way and 
side of injection, and related Bill of Materials ID, are 
included. The Bill of Material ID is a reference to an external 
Product Data Management software suite. The Product 
datatype refers to the plastic product or mouldling, which is 
produced by the mould with each stroke. The entity includes 
information on surface quality, polishing, and wall thickness 
of the mouldling. 
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Fig. 5. Ontological schema of the entities Product, Mould, and Component. 
After the formation of the ontology and its storage at the 
knowledge repository, rules and queries can be formed by the 
domain expert using the forms shown in Fig. 6. The purpose 
of these rules is the creation of new knowledge. Rules can 
reveal patterns in stored data, group entities according to 
custom characteristics that were not originally modeled in the 
ontology, and aid in retrieving similar stored engineering 
cases.  
The general structure of a rule respects the following 
template: [rule name: antecedent -> consequent]. If the 
individuals (instances) of the ontology satisfy the statements 
that constitute the antecedent part of the rule, then the 
statements of the consequent are added to the ontology as 
inferred knowledge. The first rule checks if the melted plastic 
is injected from the core side. The rule can reveal a pattern in 
the type of received and executed orders by the SME: If the 
rule result is true, then the mould complexity is set to 
“medium”: 
[InjectionComplexity:  
(?Mould1 rdf:type case:mould)  
(?Mould1 case:mould_wayOfInjection ?WayofInjection1)  
equal(?WayofInjection1, "0"^^xsd:string) 
-> 
(?Mould1 case:mould_complexity "medium"^^xsd:string)] 
Such a rule can be used to group mould orders according to 
their complexity. Upon executing the rule, the results show 
that 30 out of the 37 order cases are characterised by this 
complexity factor, revealing to the engineer that the majority 
of the projects that the company has undertaken during the 
past 2 years were complex.  
A second rule can help characterise the manufactured 
moulds based on their size. The characterisation “large 
mould” can be inferred by forming the appropriate rule. This 
attribute is not originally contained in the ontology, thus, it 
comprises directly inferred new knowledge.  
 
Fig. 6. Screenshot of the Graphical User Interface of the stored rules in the 
"Rule Editor" component. 
This rule can be valuable to the warehousing department, 
since a mould can weight several hundreds of kg and occupy 
expensive storage area.  
Similarly, meaningful rules that were created by the 
engineers, using the rule and query editor, included a 
characterisation of moulds as “typical” (if the mouldling is a 
thin-walled container), and as “floating” (if the description of 
the order contains the word “stacks”, which translates to a 
mould that consists out of more than seven components). 
Moreover, a quantitative assessment is performed to 
compare the benefits brought with the application of the 
Knowledge Framework against the traditional empirical 
approach. The results are demonstrated in Fig. 7. Three daily 
activities of the mould-maker are examined and the 
comparison of the two approaches is made using time and 
cost indicators. The values of the indicators for the empirical 
approach are obtained through an interview with expert 
designers, management staff, and machine operators, while 
the same personnel tested live the software framework to 
obtain the values of the indicators for the new approach.  
The first comparison concerns the retrieval of CAD files 
and related metadata (tolerances and quality characteristics) 
needed during the design of a mould. It is typical to reuse 
parametric CAD drawings of mould components, after 
adjusting them to the requirements of a new mould. It was 
shown that the time for the designer to identify a similar case 
and retrieve its data was reduced by a relative difference of 
107.7% by using the knowledge framework. Considering the 
cost of the person-hour of an expert designer, this is translated 
in cost savings of 136.1%. This is in accordance with recent 
studies, which depict that a designer spends 20% of his time 
searching and absorbing design information [24]. In a similar 
case the number of mould orders need to be characterised 
based on their size and weight characteristics (to satisfy 
limited storage area constraints). The benefit, against the 
traditional approach, was 136.1% for time and 177% for cost.  
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Fig. 7. Cost and time benefits of the proposed Knowledge Framework (KF) 
against the traditional empirical approach. 
Finally, when trying to identify similar past cases, the 
overhead for a designer, for searching handwritten documents 
and trying to identify similar features on mould orders cannot 
be avoided in the empirical approach. On the other hand, this 
task is automatically performed by the proposed framework 
after appropriate rules and queries are formed, leading to 
163.6% in time savings and 188.6% in cost reductions. 
6. Conclusions and Future Work 
This work aims to allow capturing, inferring, and reusing 
engineering knowledge. The developed framework provides 
the ability to convert any legacy database into an ontology. 
The ontology forms the knowledge repository, on which 
custom rules / queries are applied to create new knowledge. 
The repository and the instances are stored in a file enabling 
easier manipulation and portability. Moreover, the described 
inference engine is responsible for the actual manipulation of 
the knowledge stored. The benefits of implementing the 
framework to a mould-making SME are demonstrated, 
through the creation of new knowledge and by comparing 
time and cost indicators during searching, retrieving and 
reusing engineering information from past similar projects.  
Future work will focus on the design and implementation 
of a linguistics component. A vocabulary will be created that 
maps engineering terms in different languages to allow the 
collaboration between designer teams of different origin. 
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